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FIGURE 3

FIGURE 34 N
{SEM of surface}

FIGURE B
{SEM Cross-section}
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1
ELECTRODEPOSITION OF GALLIUM FOR
PHOTOVOLTAICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/530,738, filed Sep. 2, 2011, the contents
of which are incorporated by reference in their entirety.

CONTRACTUAL ORIGIN

The United States Government has rights in this invention
under Contract No. DE-AC36-08GO28308 between the
United States Department of Energy and the Alliance for
Sustainable Energy, LL.C, the Manager and Operator of the
National Renewable Energy Laboratory.

BACKGROUND

Solar cells are a very attractive source of clean energy.
Culn, ,Ga, Se, (CIGS) has the potential to become a major
candidate in this field. Its large optical absorption coefficient,
which results from a direct energy gap, permits the use of thin
layers (1-2 um) of active material. CIGS solar cells are also
known for their long-term stability. Currently, a great deal of
effort is being expended to develop low-cost technologies for
fabricating CIGS thin films, using several techniques, includ-
ing vacuum deposition technology such as physical vapor
deposition and sputtering, and non-vacuum technologies
such as electrodeposition, nano-particles-based deposition,
ink jet printing and electroless deposition. Physical vapor
deposition (PVD) is an excellent tool for understanding film
growth and for developing models, but it is challenging to
scale up for commercial production because of film non-
uniformity and low material utilization. Sputtering tech-
niques are suitable for large-area deposition, but they require
expensive vacuum equipment and sputtering targets.

A non-vacuum electrodeposition technique has the poten-
tial to prepare large-area uniform precursor films using low-
cost source materials and low-cost capital equipment. Elec-
troplating is a potentially suitable preparation method to
obtain low-cost precursor films. The electrodeposition pro-
cess could provide: (a) high-quality film with very low capital
investment; (b) a low-cost, high-rate process; (c) use of very
low-cost starting materials (e.g., low-purity salts, solvents),
based on automatic purification of the deposited materials
during plating; (d) a large-area, continuous, multi-compo-
nent, low-temperature deposition method; (e) deposition of
films on a variety of shapes and forms (wires, tapes, coils, and
cylinders); (f) controlled deposition rates and eftective mate-
rial use (as high as 98%); and (g) minimum waste generation
(i.e., solution can be recycled). Therefore, the electrodeposi-
tion technique has been attractive for growing CIGS layers for
photovoltaic applications. It is of general interest in this field
to obtain high-efficiency electrodeposited CIGS solar cell
devices without requiring the use of any PVD step.

The foregoing examples of the related art and limitations
related therewith are intended to be illustrative and not exclu-
sive. Other limitations of the related art will become apparent
to those of skill in the art upon a reading of the specification
and a study of the drawings.

SUMMARY

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
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and methods that are meant to be exemplary and illustrative,
not limiting in scope. In various embodiments, one or more of
the above-described problems have been reduced or elimi-
nated, while other embodiments are directed to other
improvements.

CIGS-based solar cells formed directly from electrodepos-
ited precursor films with high efficiencies are provided, in
which the expensive PVD step is eliminated. Exemplary elec-
todeposited CIGS absorber layers are fabricated from a
stacked Cu/In/Ga layers. These exemplary films are elec-
trodeposited from an aqueous-based electroplating solution.
Exemplary embodiments provide for an electroplating solu-
tion comprised of a gallium salt, an ionic compound and a
solvent. The gallium salt can be gallium chloride, gallium
nitrate, gallium sulfate, gallium acetate, gallium fluoride, gal-
lium chloride, gallium bromide, gallium iodide or any source
of gallium. In some embodiments, the ionic compounds can
be inorganic salts or any supporting electrolyte or complexing
ion, such as sodium fluoride, potassium fluoride, potassium
bifluoride, sodium bifluoride, sodium chloride, potassium
chloride and combinations thereof. In other embodiments,
organic salts or ionic liquids may be used. In certain embodi-
ments, the electroplating solution has a pH range of 1-3, or in
some cases, it can be in the pH range of 1 to 12. In some
embodiments, the solvent is water. In other embodiments, the
solvent comprises the organic salt mixed with ethylene gly-
col, imidazolium-, phosphonium-, pyridinium-, pyrroli-
dinium-, sulfonium-or urea. Additional embodiments pro-
vide for an atomic percent of gallium in the range 0 0.5-30%.
Further provided are methods for producing a thin film by
electrodepositing the thin film on a substrate from an electro-
plating solution containing a gallium salt, an ionic compound,
and a solvent. In other embodiments, an annealing step is
included.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative rather
than limiting.

FIG. 1 illustrates a completed exemplary device structure.

FIG. 2 illustrates X-ray diffraction analyses for the
annealed stacked layers in selenium (Se)-vapor.

FIGS. 3a and 35 show the surface morphology and cross-
sectional view using scanning electron microscopy (SEM).

FIGS. 4a-4¢ show the quantum efficiency and current-
voltage (I-V) characteristics of the device of varying efficien-
cies.

FIG. 5 shows the Auger analysis data of the annealed
(absorber film) electrodeposited Cu/In/Ga stacked layer.

DETAILED DESCRIPTION

CIGS-based solar cells formed directly from electrodepos-
ited precursor films with high efficiencies are provided, in
which the expensive PVD step is eliminated. Exemplary elec-
todeposited CIGS absorber layers are fabricated from a
stacked Cu/In/Ga layers. These exemplary films are elec-
trodeposited from an aqueous-based electroplating solution.

Disclosed herein are gallium salts to be used in an electro-
plating solution. Although GaCl; has been used in the below
examples, it is possible to utilize any source of gallium such
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as the following trihalides: gallium(III) fluoride, gallium(I1I)
chloride, gallium(III) bromide and gallium(III) iodide. Addi-
tional examples of gallium salts may also be gallium nitrate,
gallium sulfate and gallium acetate. Suitable ionic com-
pounds or supporting electrolyte/complexing ions are inor-
ganic salts such as sodium fluoride, potassium fluoride, potas-
sium bifluoride, sodium bifluoride, sodium chloride, or
potassium chloride. Organic salts such as ethanol, methanol,
isopropanol, dimethyl sulfoxide, triethanollamine may be
used. lonic liquids such as, choline chloride, ammonium-,
imidazolium-, phosphonium-, pyridinium-, pyrrolidinium-,
or sulfonium-based liquids may also be used.

Exemplary solvents for dissolving the ionic compounds or
supporting electrolyte/complexing ions are provided in the
examples, such as water or choline chloride mixed with eth-
ylene glycol or urea, but any solvent that dissolves an ionic
compound may be used. Various types of substrates may be
used, such as glass, molybdenum, silicon, silicon dioxide,
aluminum oxide, sapphire, germanium, gallium arsenide
(GaAs), an alloy of silicon and germanium, indium phos-
phide (InP) or any combination thereof.

Exemplary methods for electrodepositing thin films are
provided in the examples, but any method suitable for moving
metal ions in a solution by an electric field to coat an electrode
may be used. An exemplary embodiment may involve films
electrodeposited by applying direct-current (dc) voltage. Fur-
ther embodiments of precursor films may be prepared by
employing a two-electrode cell in which the counter electrode
can be platinum (Pt) gauze and the working electrode (sub-
strate) can be glass/molybdenum (Mo). In other embodi-
ments, there can be three-electrode cells comprising of a
working, counter and reference electrodes.

In another exemplary embodiment, the method also
includes an annealing step wherein the exemplary embodi-
ment described above is concluded by annealing the three-
layers of electrodeposited films to the substrate surface. The
metallic stacked layers are annealed at high temperature to
obtain active CIGS absorber layers. Both the time and tem-
perature of the annealing step can be altered. In some embodi-
ments, annealing can occur for a period of time ranging from
about 10 minutes to about 120 minutes. In some embodi-
ments, the annealing can occur at a temperature ranging from
about 100° C. to about 600° C. In some embodiments, the
annealing can occur in H,S and H,Se. In other embodiments,
the annealing can occur in an atomosphere of Se, S, or any
combination therof.

An exemplary annealing temperature profile consists of
starting at 25-30° C.; increase the temperature to 300-400° C.
in 10-20 minutes at a Se evaporation rate of 10-20 A/S, anneal
at400° C. for 10-30 minutes, increase the sample temperature
to 550° C. in 10-40 minutes at a Se evaporation rate of 15-30
A/S, anneal at 550° C. for 30-55 minutes, or any combination
therof.

As shown in FIG. 1, an exemplary seven layer CIGS device
100 is shown. The first layer is the substrate 160. The second
layer 170 is a Molybdenum coating. CIGS makes up the third
layer 150. The fourth layer 140 is sulfur based (CdS, CdZnS,
ZnS or InS), followed by an intrinsic and conducting layer
130 (ZnO or indium titanium oxide [ITO]). The sixth layer
120 includes antireflecting coatings, followed by top contacts
110. In this design, the layers of the device are deposited onto
a substrate 160 (glass, stainless steel or polymer based). The
CIGS layer 150 is deposited onto the Molybdenum coated
second layer 170. A CdS layer 140 is deposited onto the CIGS
layer 150, followed by an intrinsic and conducting layer of
7ZnO 130. A MgF, antireflection coating layer 120 is depos-
ited, followed by bilayer Ni/Al top contacts 110. In some
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embodiments, the CIGS layer (150) has a thickness range
between 0.5-6.0 um, or at least between 0.5-2.0 um.

Exemplary methods include the steps of a chemical-bath
deposition of about 50 nm CdS (140), followed by RF sput-
tering of about 50 nm of intrinsic ZnO and of about 350 nm of
Al,O;-doped conducting ZnO (130) onto the CIGS layer 150.
Bilayer Ni/Al top contacts (110) can be deposited in an
e-beam system. The final step in the fabrication sequence
includes the deposition of an antireflection coating of about
100 nm of MgF, (120). Other types of antireflection coatings
that may be used include thin film and nanocoatings of'silicon
monoxide (SiO).

In one embodiment, electrodeposited Cu/In/Ga layers are
fabricated by a three-step electrodeposition process in which:
(a) Cu is electrodeposited in the first step on glass/Mo sub-
strate, (b) In is electrodeposited in the second step, and (c) a
Ga layer is deposited in the final third step. The films were
annealed in Se atmosphere at 550° C. for 45 min. FIG. 2
shows the X-ray diffraction analysis results obtained from the
annealed three-layers electrodeposited films. The composi-
tions of stacked as-deposited precursor layers are given in
Table 1.

The compositions of the films are analyzed by X-ray fluo-
rescence (XRF) spectroscopy and ICP-MS. The following
compositions are for some examples that are obtained from
the as deposited metallic stack layer.

TABLE 1
Thickness
FIG. 2 Cu (atom %) In(atom %) Ga(atom %)  (micron)
200 419 60.6 0.1 1.04
210 419 58.0 0.2 1.01
220 40.6 48.6 10.7 0.98
230 40.0 47.0 12.7 1.15
240 39.6 49.6 10.8 1.01
455 42.9 11.5 0.95
40.5 33.0 26.0 1.07
40.0 38.0 21.0 1.01
ChCl ionic 41.3 51.5 7.2 0.97
liquid
solvent
ChCl ionic 37.0 52.0 10.5 1.03
liquid
solvent

As shown in FIG. 2, all films show a similar phase devel-
opment with different crystallinity after processing. The
degree of crystallinity could be related to the as-deposited
film composition and morphology, which was not co-related
atpresent. The composition of the film annealed at 550° C. for
45 minutes in Se atmosphere was analyzed using an Auger
electron spectroscopy (AES) depth profile. FIG. 5 shows the
Auger analysis data of the annealed (absorber film) electrode-
posited Cu/In/Ga stacked layer. The profile (FIG. 5) of the
absorber material processed from the precursor film d, shows
avery low concentration of Ga at the front, residing almost all
Ga at the back. AES analysis data does not show any oxygen
impurity in the film. The final processed absorber has low Ga
content due to loss of material during annealing step.

The surface morphology and cross-sectional view [using
scanning electron microscopy (SEM)] of the film annealed at
550° C. for 45 minutes are shown in FIGS. 3q and 3b. The
SEM, as shown in FIG. 3a, indicates that the film is crack-free
and has a compact dense morphology. The cross-sectional
view (FIG. 3b) of the film shows the formation of voids and
incomplete integrations between the layers, which is prob-
ably caused by the loss of materials.
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Improving the device efficiencies by optimizing the pro-
cessing conditions to obtain void free absorber layer where
the materials loss will be minimized and the integrations
between the layers will be complete, is expected. The device
efficiency of 11.7%-efficient device (FIG. 45) was measured
by the Cell Performance Characterization Group at NREL
(official measurements). I-V characterization was carried out
at AM1.5 illumination (1000 W/m? 25° C., ASTM G173
global). FIGS. 4a-4¢ show the quantum efficiency and cur-
rent-voltage (I-V) characteristics of the device of varying
efficiencies. FIG. 4a shows the current-voltage (J-V) of the
11.08%-efficient solar cell devices that were fabricated from
absorber materials. The cell parameters are 0.46 V open-
circuit voltage, 37 mA/cm? short-circuit current density, 64%
fill factor, and 11.08% efficiency. FIG. 4b shows the current-
voltage (J-V) of the 11.7%-efficient solar cell devices that
were fabricated from absorber materials. The cell parameters
are 0.48 V open-circuit voltage, 37.5 mA/cm? short-circuit
current density, 66% fill factor, and 11.7% efficiency. FIG. 4¢
illustrates the QE characteristics of the 11.7%-efficient
device. The QE measurement of the device indicates the
bandgap of the material is—1.0 eV.

EXAMPLES

The following examples describe in detail certain proper-
ties of embodiments of the methods disclosed herein. It will
be apparent to those skilled in the art that many modifications,
both to materials and methods, may be practiced without
departing from the scope of the disclosure. The following
materials and methods were used in subsequent examples
detailed below.

Electrodeposited films were prepared on glass coated Mo
thin films. All films were electrodeposited by applying direct-
current (dc) voltage and the solution was not stirred during
deposition. The solution was not deaerated before or during
deposition. The films were electrodeposited in a vertical cell
in which the electrodes (both working and counter) were
suspended vertically from the top of the cell. Precursor films
were prepared by employing a two-electrode cell at constant
current mode in which the counter electrode was Pt gauze and
the working electrode (substrate) was glass/Mo. The Mo film
was about 1 pm thick and was deposited by dc sputtering. The
constant current mode using two electrode systems is more
suitable for large area electrodeposition process compared
with the three-electrode system, and is commonly practiced
by the electroplating industries. A Fisher Scientific (FB300)
power supply was used to electrodeposit Cu, In and Ga thin
films. The dimension of working electrode glass/Mo was 64
cm? and the dimension of counter electrode Pt gauze was 10
cm?. Molybdenum films are sputtered deposited on glass
substrates. The Mo film was about 0.5 to 1 um thick and was
deposited by dc sputtering. The structures of the electrode-
posited layers are:

1. Glass/Mo/ED-Cuw/ED-In/ED-Ga

2. Glass/Mo/ED-Cw/ED-I/ED-Ga/ED-In

3. Glass/Mo/ED-Cw/ED-Ga/ED-In

4. Glass/Mo/ED-Cw/ED-Ga/ED-In/ED-Ga

[ED: Electrodeposited]

For the complete CIGS layers, an exemplary embodiment
of a copper thin film is electrodeposited from a solution
containing 0.01Mto 1M CuSO,.5H,0,0.01M to IM Na,SO,
and 0.01M to 1M H,SO, dissolved in water, with a resulting
pH in the range of 1 to 4. The copper films are electrodepos-
ited at a plating current density of 1 to 10 mA/cm? for 1to 10
minutes. Another exemplary embodiment uses an indium thin
film electrodeposited from 0.01M to 2M InCl;.4H,0, 0.01M
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to 1M NaCl dissolved in water, with a resulting pH in the
range of 1 to 3. The indium films are electrodeposited at a
plating current density of 0.5 to 8 mA/cm? for 1 to 15 minutes.

In one embodiment, a copper thin film is electrodeposited
from a solution containing 0.1M CuSO,.5H,0, 0.1M
Na,SO, and 0.1M H,SO,, dissolved in water. pH of the solu-
tion is approximately 1.6. The copper films are electrodepos-
ited at a plating current density of 4 mA/cm? for 3 minutes. In
another embodiment, an indium thin film is electrodeposited
from 0.2M InCl;.4H,0, 0.1M NaCl dissolved in water. pH of
the solution is approximately 2.4. The indium films are elec-
trodeposited at a plating current density of 3.8 mA/cm? for 4
minutes.

In another embodiment, the copper layer was electrode-
posited on glass/Mo substrate at room temperature from a
0.1M copper sulfate based solution using a constant current
density of 8.2 mA/cm? for 3 minutes. In another embodiment,
the indium layer was electrodeposited from a 0.1 M indium
chloride based solution using a constant current density of 7.2
mA/cm? for 4 minutes.

Exemplary electrodeposited gallium thin film layers can be
used. In some embodiments, a gallium chloride based solu-
tion was used. In other embodiments, gallium thin films were
electrodeposited from a choline chloride and ethylene glycol
solution mixture. In further embodiments, the atomic per-
centage of gallium varied. In certain embodiments, the atomic
percentage was in the range between 0.5-30%.

Example 1

Gallium thin film is electrodeposited from 0.01M to 6M
GaCl,, 0.01M to 2M NaF and 0.01M to 5M NaCl dissolved in
water. pH of the solution in the range of 1 to 3. The gallium
films are electrodeposited at a plating current density of 0.1 to
5 mA/cm? for 1 to 30 minutes.

Example 2

Gallium thin film is electrodeposited from 0.64M GaCl,,
1.43M NaF and 0.5M NaCl dissolved water. pH of the solu-
tion is approximately 1.73. The gallium films are electrode-
posited at a plating current density of 0.8 mA/cm? for 7
minutes.

Example 3

The third Ga layer was electrodeposited from a 0.5 M
gallium chloride based solution using a constant current den-
sity of 2 mA/cm? for 7 minutes.

Example 4

To prepare the choline chloride (ChCl)-based ionic liquid
solvent, choline chloride powders were mixed with ethylene
glycol with a molar ratio of 1:2, and then heated to 90° C.
After the solution becomes transparent, it was further heated
under vacuum for 1 h. The electroplating solution is prepared
by dissolving 0.05M solutions of Ga(NO,); in 1 liter choline
chloride ionic liquid solvent.

Example 5

Gallium thin film is electrodeposited from 0.05 M to 6M
Ga(NO;); dissolved in choline chloride ionic liquid. The gal-
lium films are electrodeposited at a plating current density of
0.5 to 10 mA/cm? for 1 to 30 minutes at solution temperature
of 65° C. to 150° C.
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Example 6

11.5 atom % Ga is electrodeposited from 0.64M GaCl,,
1.43M NaF and 0.5M NaCl dissolved water. pH of the solu-
tion is approximately 1.7. The gallium films are electrode-
posited at a plating current density of 0.8 mA/cm? for 6
minutes.

Example 7

5.3 atom % Ga electrodeposited from 0.64M GaCl;, 1.43M
NaF and 0.5M NaCl dissolved water. pH of the solution is
approximately 1.7. The gallium films are electrodeposited at
a plating current density of 0.7 mA/cm?® for 15 minutes.

Example 8

26.3 atom % Ga electrodeposited from 0.64M GaCl;,
1.43M NaF and 0.5M NaCl dissolved water. pH of the solu-
tion is approximately 1.7. The gallium films are electrode-
posited at a plating current density of 4.7 mA/cm? for 10
minutes.

Example 9

21.4 atom % Ga electrodeposited from 0.64M GaCl,,
1.43M NaF and 0.5M NaCl dissolved water. pH of the solu-
tion is approximately 1.7. The gallium films are electrode-
posited at a plating current density of 3 mA/cm? for 10 min-
utes.

Example 10

8.8 atom % Ga electrodeposited from 0.7M GaCl;, 1.43M
NaF and 0.5M NaCl dissolved water. pH of the solution is
approximately 1.6. The gallium films are electrodeposited at
a plating current density of 1.6 mA/cm? for 4 minutes.

Example 11

7.2 atom % Ga electrodeposited from 0.05M Ga(NO,),
dissolved in choline chloride ionic liquid. The gallium films
are electrodeposited at a plating current density of 3 mA/cm?
for 3 minutes.

Example 12

10.5 atom % Ga electrodeposited from 0.05M Ga(NO;),
dissolved in choline chloride ionic liquid. The gallium films
are electrodeposited at a plating current density of 3 mA/cm?
for 4 minutes.

The Examples discussed above are provided for purposes
of illustration and are not intended to be limiting. Still other
embodiments and modifications are also contemplated.
While a number of exemplary aspects and embodiments have
been discussed above, those of skill in the art will recognize
certain modifications, permutations, additions and sub com-
binations thereof. It is therefore intended that the following
appended claims and claims hereafter introduced are inter-
preted to include all such modifications, permutations, addi-
tions and sub-combinations as are within their true spirit and
scope.
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I claim:

1. An electroplating solution comprising:

a gallium salt;

an ionic compound; and

a solvent, wherein:

the ionic compound is choline chloride (CsH, ,CINO), and

the solvent is ethylene glycol mixed with the ionic com-

pound.

2. The electroplating solution of claim 1, wherein the gal-
lium salt is selected from the group consisting of gallium
chloride, gallium nitrate, gallium sulfate, gallium acetate,
gallium fluoride, gallium bromide, and gallium iodide.

3. The electroplating solution of claim 1, wherein the pH of
the solution is between 1 and 3.

4. A method comprising:

electrodepositing a gallium layer from an electroplating

solution, wherein:

the electroplating solution comprises a gallium salt, an

ionic compound, and a solvent,

the ionic compound is choline chloride (CsH, ,CINO), and

the solvent is ethylene glycol mixed with the ionic com-

pound.

5. The method of claim 4, wherein the gallium salt is
selected from the group consisting of gallium chloride, gal-
lium nitrate, gallium sulfate, gallium acetate, gallium fluo-
ride, gallium bromide, and gallium iodide.

6. The method of claim 4, further comprising electrode-
positing a copper layer on a substrate and electrodepositing
an indium layer on the copper layer, prior to the electrode-
positing of the gallium layer on the indium layer.

7. The method of claim 6, further comprising annealing the
copper layer, the indium layer, and the gallium layer.

8. The method of claim 7, wherein the annealing is con-
ducted at a temperature between about 100° C. and about
600° C.

9. The method of claim 7, wherein the annealing is con-
ducted for a time period between about 10 minutes and about
120 minutes.

10. The method of claim 6, wherein the substrate comprises
at least one of glass, molybdenum, silicon, silicon dioxide,
aluminum oxide, sapphire, germanium, gallium arsenide, an
alloy of silicon and germanium, or indium phosphide.

11. The method of claim 6, wherein the substrate is glass
coated with a molybdenum film.

12. The method of claim 6, wherein the atomic percent of
gallium in a thin film comprising the copper layer, the indium
layer, and the gallium layer is between 0.5% and 30%.

13. The method of claim 6, wherein the thickness of a thin
film comprising the copper layer, the indium layer, and the
gallium layer is between about 0.5 microns and about 6
microns.

14. The method of claim 4, wherein the gallium layer is
electrodeposited at a plating current density between 0.1
mA/cm? and 5 mA/cm?.

15. The method of claim 4, wherein the gallium layer is
electrodeposited at a plating current density between 0.5
mA/cm? and 10 mA/cm?.

16. The method of claim 4, wherein the pH of the solution
is between 1 and 3.



